Abstract: Selective laser melting (SLM) is an important advanced additive manufacturing technology. The existing SLM products cannot fully meet the requirements of high-precision and strength of the mechanical component because of their defects. The TiAlN/TiN multilayer coating can improve the surface property of SLM products. The present work aims to explore the influences of different process parameters of SLM on the property of TiAlN/TiN multilayer coating plating on the 361L specimen and the mechanism of these influences. Taking laser power, scanning speed, and scanning space as factors, an orthogonal experiment was designed. The TiAlN/TiN multilayer coating specimens can be obtained by plating on the 361L specimen, fabricated by the process parameters of SLM on the orthogonal experiment. The surface topographies and properties of TiAlN/TiN multilayer coating were tested, the influences of SLM process parameters on TiAlN/TiN multilayer coating were analyzed, and the optimal process parameter was obtained. The electron microscope images revealed that the surface morphology of TiAlN/TiN multilayer coating plating on the SLM specimen was relatively flat, and there were some macro-particles in different sizes and pin holes dispersed on it. The thickness of the TiAlN/TiN multilayer coating was 2.77-3.29 µm. The microhardness value of coating SLM specimen was more than four times that of the uncoated SLM specimen and the wear rates of the uncoated specimen were 2-4 times that of the corresponding coating specimen. The comprehensive analysis shows that the laser power had the greatest influence on the comprehensive property of the coating. The primary cause of the influence of SLM process parameters on the properties of the TiAlN/TiN multilayer coating was preliminarily discussed. When the laser power was 170 W, the scanning speed was 1,100 mm/s, and the scanning space was 0.08mm, the TiAlN/TiN multilayer coating plating on the SLM specimen had the best comprehensive property.
Introduction
The surface of mechanical components should have good abrasion resistance, high strength, and other surface properties to extend their service lifetime. There are many methods to improve the surface property of a component such as plasma techniques, shoot penning, chemical vapor deposition and physical vapor deposition, and so on. The selective laser melting (SLM) is an advanced additive manufacturing technology, with the characteristics of a high degree of freedom in manufacturing, low cost, and high efficiency [1] . However, various defects are easy to occur in the SLM specimens, coating were analyzed, and the optimal process parameter was obtained. This study will provide another form of surface post-treatment for SLM samples. The optimal process parameter obtained can be used to manufacture the SLM specimen for TiAlN/TiN multilayer coating. The coatings can cover cracks and pin holes of the SLM 361L specimen and can prove hardness of the SLM 361L specimen and antifriction wear-resisting. The coated SLM sample can be applied to functional elements such as micro gear, robot joint, and aerospace.
Materials and Methods

Specimens Made by Selective Laser Melting (SLM)
The SLM processing for the substrate specimens was carried out using a Dimetal-280 selection laser melting machine (South China University of Technology, China) [6] . The material used for the SLM processing was a gas-atomized stainless steel 316L powder with maximum particle diameter of 45 µm and minimum particle diameter of 15 µm.
The size of the substrate specimens was a cuboid of 25 mm × 16 mm × 3 mm, with through hole ϕ4 mm.
For studying the process parameters, the orthogonal experiment was designed, which is shown in Table 1 . The laser power was 170-210 W, the scanning-speed was 1000-1200 mm/s, and the scanning space was 0.04-0.08 mm.
Preparation involved virtually slicing the three-dimensional (3D) substrate specimen, in the form of a CAD file, into a sequence of two-dimensional (2D) slices. The 25 mm × 3 mm plane was the two-dimensional slices plane. The scanning layers were 30 µm. 
Pretreatment and Coating on Specimens
The specimens were grounded with a series of SiC papers of 100 grit, 800-2000 grit, and finally polished, degreased, and ultrasonically cleaned [16] . In order to remove the oil and other impurities on the surface and keep the specimen surface smooth and clean, all specimens were ultrasonically cleaned with acetone and ethanol in an ultrasonic bath for 20 min respectively, blow-dried, and stored in a desiccator prior to the coating operation.
All coatings were deposited using PVD/PECVD-600 multi-arc ion plating equipment. The specimens were placed on a rotary specimen holder, which kept the rotation speed of 8 rpm during the deposition. The cathodes were TiAl (50:50 at.%) alloy and pure Ti (99.9%), from which titanium and aluminum plasmas were generated. The reactive gas with high-pure (99.999%) nitrogen was introduced into the deposition chamber to form TiN and TiAlN layers. After the chamber was evacuated below 1 × 10 −3 Pa, high-pure (99.999%) Ar gas was introduced into the chamber to sputter the surface of substrates in order to clean and remove contaminants. After 15 min, Ti interlayer evaporated with an arc current of 60 A was deposited for 5 min to improve the adhesion of coatings to the substrate. A substrate temperature was 25 • C at the beginning of the deposition. Then N 2 gas was added as a reactive gas to deposit the TiN monolayer as the transition layer for 5 min. The working pressure was 0.48 ± 0.02 Pa. Subsequently, TiAl targets were evaporated with an arc current of 60 A to deposit the TiAlN monolayer for 90 min. During the deposition, a pulsed power source was used to generate a negative pulsed bias on the specimens, pulsed bias voltage was U p = 400 V, pulsed frequency was f = 40 kHz, the duty ratio was 20%, and the substrate temperature during deposition of TiAlN/TiN coatings was 98 • C.
Testing Method of Specimens
The surface morphologies of the TiAlN/TiN multilayer coatings were obtained by environmental scanning electron microscope (ESEM) (Quanta 200, Holland FEI, Eindhoven, The Netherlands).
Microhardness tests were also carried out in Shimadzu Vickers microhardness HMV-2T tester (Kyoto, Japan) with a load of 25 mgf and a hold time of 10 s. In order to ensure the accuracy and repeatability of microhardness, five measurements were done on each specimen.
The thicknesses of coatings were measured by scanning electron microscope of Nova NanoSEM 430 (Holland FEI, Eindhoven, The Netherlands).
The adhesions of the TiAlN/TiN multilayer coating were investigated with an automatic scratch-tester at UMT-2 equipped. The normal force of the indenter onto the specimen surface was increased continuously from 0 to 80 N, with the loading speed of 80 N/min and a track length of 5 mm. The chemical compositions of the scratch were determined from environmental scanning electron microscope (ESEM) (Quanta 200). Because the TiAlN/TiN multilayer coating contains no Fe element, while the 316L steel substrate contains a large amount of Fe, the adhesion can be determined by the change of Fe element content in the scratch. When the coating is scratched out, the Fe content will increase suddenly, and this position is the abrupt position of Fe content. The distance between the abrupt position of Fe content and the starting point of the scratch is x, it is also the point that the coating began to emerge as angular cracking. The adhesion can be calculated by the ratio of x to the total length of the scratch, s, times the maximum loading. The adhesion L c [17] can be calculated according to Equation (1) , where F nmax is the maximum normal load for the scratch test, F nmax = 80 N, s is the total length of the scratch, and s = 5 mm.
The wear tests were carried out on the reciprocating friction and wear test-rig of UMT-TriboLab (Bruker, San Jose, CA, USA). Si 3 N 4 balls with a diameter of 9 mm were used as the mating components. The same load of 10 N, sliding speed of 5 mm/s, and the sliding distance of 10 mm were applied to all of the tests. The tests lasted for 20 min at ambient temperature and humidity. After the wear tests, a 3D optical profiler (Taylor Hobson, Leicester, UK) was used to measure the depth profiles of the wear tracks. Figure 1 shows the surface morphologies of number (No.) 1 and 9 substrate specimens after polished. The surface morphologies of other substrate specimens are not listed here. From Figure 1 , it can be obtained that there are some voids, high-density dimples, and even cracks in the surface of the substrate, even though the substrate is polished. Different SLM process parameters result in different hole and crack conditions [1] . The cracks, voids, and dimples exist in the No. 1 substrate specimen while only some voids and dimples exist in the No. 9 substrate specimen. Figure 2 shows the surface morphology of coating specimens. From Figure 3 , it can be obtained that there are macro-particles in different sizes and pin holes dispersed on the surface of the TiAlN/TiN multilayer coating [18] . The arc discharge on the target surface produced metallic macro-particles which were splattered onto the coating surface during deposition. The spalling of macro-particles by re-sputtering, and/or collision, thus, a few pin holes were left on the surface of the coating. The size of the macro-particles was less than 10 µm. In Figure 2 , there was not much difference in the surface morphology of each specimen, but there were relatively more and larger particles in Figure 2d By energy dispersive X-ray spectroscopy (EDS), the element compositions of macro-particles and pin holes were obtained and are displayed in Table 2 . Table 2 shows that the element compositions of macro-particles and pin holes of the coatings are not different, although the percentage of elements is different. The main elements of macro-particles are N, Ti, and Al, which is similar to the composition of the target materials. The macro-particles on the surface were indeed formed by the deposition of droplets splattering from cathode materials. The small amount of Fe and Cr detected in Table 2 should be the one in the 316L steel substrate. 
Results
Surface Topography Analysis
Microhardness
The values of microhardness of the substrates and the coating specimens are shown in Table 3 . According to Table 3 , the microhardness of coating specimens is more than four times that of uncoated specimens. It can be said that TiAlN/TiN multilayer coatings have a significant effect on improving the microhardness of substrate specimens. As can be seen from Table 3 , the microhardness of Nos. 1-9 substrate specimens are stable, with small ranges of variation and standard deviation, while the corresponding specimen after coating has a large range of variation and standard deviation. Due to the thickness difference between different specimens and a large range of standard deviation, By energy dispersive X-ray spectroscopy (EDS), the element compositions of macro-particles and pin holes were obtained and are displayed in Table 2 . Table 2 shows that the element compositions of macro-particles and pin holes of the coatings are not different, although the percentage of elements is different. The main elements of macro-particles are N, Ti, and Al, which is similar to the composition of the target materials. The macro-particles on the surface were indeed formed by the deposition of droplets splattering from cathode materials. The small amount of Fe and Cr detected in Table 2 should be the one in the 316L steel substrate. 
The values of microhardness of the substrates and the coating specimens are shown in Table 3 . According to Table 3 , the microhardness of coating specimens is more than four times that of uncoated specimens. It can be said that TiAlN/TiN multilayer coatings have a significant effect on improving the microhardness of substrate specimens. As can be seen from Table 3 , the microhardness of Nos. 1-9 substrate specimens are stable, with small ranges of variation and standard deviation, while the corresponding specimen after coating has a large range of variation and standard deviation. Due to the thickness difference between different specimens and a large range of standard deviation, it is difficult to directly compare the microhardness between these coatings. Form the errors of microhardness values of the uncoating specimens and coating specimens, it can be obtained that the microhardness of coating specimens varies greatly in different positions, while the microhardness of uncoated samples is relatively stable at different positions. 
Adhesion
The scratch morphology and the Fe elemental content diagram of the TiAlN/TiN multilayer coating formed is presented in Figure 3 . As described in Section 2, the length x from the coating scratched out position to the scratch starting point has been marked in Figure 3 . According to Equation (1), the adhesions of the TiAlN/TiN multilayer coating can be obtained in Table 4 . it is difficult to directly compare the microhardness between these coatings. Form the errors of microhardness values of the uncoating specimens and coating specimens, it can be obtained that the microhardness of coating specimens varies greatly in different positions, while the microhardness of uncoated samples is relatively stable at different positions. 
The scratch morphology and the Fe elemental content diagram of the TiAlN/TiN multilayer coating formed is presented in Figure 3 . As described in Section 2, the length x from the coating scratched out position to the scratch starting point has been marked in Figure 3 . According to Equation (1), the adhesions of the TiAlN/TiN multilayer coating can be obtained in Table 4 . From Table 4 , the highest adhesion of the specimens is the No. 8 coating specimen, the adhesions of Nos. 1-3 coating specimens are relatively poor, and the adhesions of Nos. 4-9 coating specimens fluctuate greatly. Taking the adhesion of the coating as the target result, the value of the range analysis of the orthogonal experiment is shown in Table 5 . It can be seen from Table 5 that laser power is the main factor influencing coating adhesion, followed by scanning space, and finally, scanning speed. Moreover, the optimal combination of the orthogonal experiment is A3B2C2, that is, when the laser power is 210 W, the scanning speed is 1100 mm/s, and the scanning space is 0.06 mm, the adhesion of the coating obtained is optimal. The optimal option was not tested in the orthogonal experiment, while the adhesions of the Nos. 8 and 9 coating specimens with process parameters closed to the optimal scheme are also very high, which can indicate the accuracy of the range analysis. 
Thickness
The cross-sectional SEM images of Nos. 4, 5, and 7 coating specimens are show in Figure 4 . Two layers of coating can be seen clearly corresponding to the TiN and TiAlN coatings in Figure 4 . The Nos. 4 and 5 coating specimens were tightly bonded to the substrate, and no cracks were observed in the interface between the coating and the substrate. However, the cracks and voids exist in the interface between the coating and the substrate with the No. 7 coating specimen because its substrate had existing defects. The thickness of the No. 7 coating specimen was less than that of the Nos. 4 and 5 coating specimens, which is affected by the defects of the substrate.
Coatings 2019, 9, x FOR PEER REVIEW 8 of 14
From Table 4 , the highest adhesion of the specimens is the No. 8 coating specimen, the adhesions of Nos. 1-3 coating specimens are relatively poor, and the adhesions of Nos. 4-9 coating specimens fluctuate greatly. Taking the adhesion of the coating as the target result, the value of the range analysis of the orthogonal experiment is shown in Table 5 . It can be seen from Table 5 that laser power is the main factor influencing coating adhesion, followed by scanning space, and finally, scanning speed. Moreover, the optimal combination of the orthogonal experiment is A3B2C2, that is, when the laser power is 210 W, the scanning speed is 1100 mm/s, and the scanning space is 0.06 mm, the adhesion of the coating obtained is optimal. The optimal option was not tested in the orthogonal experiment, while the adhesions of the Nos. 8 and 9 coating specimens with process parameters closed to the optimal scheme are also very high, which can indicate the accuracy of the range analysis. 
The cross-sectional SEM images of Nos. 4, 5, and 7 coating specimens are show in Figure 4 . Two layers of coating can be seen clearly corresponding to the TiN and TiAlN coatings in Figure 4 . The Nos. 4 and 5 coating specimens were tightly bonded to the substrate, and no cracks were observed in the interface between the coating and the substrate. However, the cracks and voids exist in the interface between the coating and the substrate with the No. 7 coating specimen because its substrate had existing defects. The thickness of the No. 7 coating specimen was less than that of the Nos. 4 and 5 coating specimens, which is affected by the defects of the substrate. The thicknesses of all coatings are show in Table 6 . The coatings have the thickness of 2.77-3.29 μm. From Table 6 , the highest thickness of the specimens is the No. 8 specimen, the thicknesses of the Nos. 1-3 specimens are relatively poor, and the thicknesses of the Nos. 4-9 coating specimens fluctuate greatly, which is consistent with the rules of adhesions. From Tables 4 and 6 , it can be seen that the adhesion increases with increasing coating thickness. Taking the thickness of the coating as the target result, the value of the range analysis of the orthogonal experiment is shown in Table 7 . It can be seen from Table 8 that laser power was the main factor influencing coating thickness, followed by scanning space, and finally, scanning speed. Moreover, the optimal combination of the orthogonal experiment was A3B2C2, that is, when the laser power was 210 W, the scanning speed was 1100 mm/s, and the scanning space was 0.06 mm, the thickness of the coating obtained was optimal. The optimal option was not tested in the orthogonal experiment, while the thicknesses of the Nos. 8 and The thicknesses of all coatings are show in Table 6 . The coatings have the thickness of 2.77-3.29 µm. From Table 6 , the highest thickness of the specimens is the No. 8 specimen, the thicknesses of the Nos. 1-3 specimens are relatively poor, and the thicknesses of the Nos. 4-9 coating specimens fluctuate greatly, which is consistent with the rules of adhesions. From Tables 4 and 6 , it can be seen that the adhesion increases with increasing coating thickness. Taking the thickness of the coating as the target result, the value of the range analysis of the orthogonal experiment is shown in Table 7 . It can be seen from Table 8 that laser power was the main factor influencing coating thickness, followed by scanning space, and finally, scanning speed. Moreover, the optimal combination of the orthogonal experiment was A3B2C2, that is, when the laser power was 210 W, the scanning speed was 1100 mm/s, and the scanning space was 0.06 mm, the thickness of the coating obtained was optimal. The optimal option was not tested in the orthogonal experiment, while the thicknesses of the Nos. 8 and 9 coating specimens with process parameters closed to the optimal scheme are also very high, which can indicate the accuracy of the range analysis. Figure 5 shows the morphologies of the worn surface for No. 1 uncoated and coating specimens. The morphologies of the worn surface of other specimens are not listed because the features of morphologies of other specimens are the same as that of No. 1 specimens. From Figure 5 , the widths of the wear track of specimens were obviously inconsistent and the widths of the wear track of the uncoated specimens were wider, because the uncoated specimens were relatively soft. The uncoated specimens had obvious massive peeling layers and elongated traces of abrasive furrow action and even some cracks, indicating that the main form of wear were abrasive wear and adhesive wear. Compared with the wear track of the uncoated specimens, the wear tracks of the coating specimens were rough, the abrasive particles were distributed on both sides of the wear track, and there were obvious long and thin traces of abrasive furrow action in the middle of the wear tracks. A certain spalling phenomenon were existing coating specimens even though there were relatively few compared with the uncoated specimens. The abrasive wear and adhesive wear were also the main form of wear for the coating specimens. It was indicated that the coating had a good anti-wear effect on the substrate.
Wear Property
The selected areas of wear tracks were conducted by EDS, and the compositions are shown in Table 8 . The analysis results by the EDS performed show some presence of the element from the Si 3 N 4 ball, indicating that the adhesive wear occurred as in the analysis above. In addition, the presence of the O element indicates that an oxidation reaction occurred during the wear test and Al 2 O 3 or other oxides might be produced, which is consistent with the oxide layer observed in the cross-sectional SEM images. The analysis results of the coating specimens show the existence of the element from the TiAlN/TiN multilayer coating (Ti, Al) and the presence of the element from the substrate alloy (Fe, Ni, Cr, Mo), because the TiAlN/TiN multilayer coating was worn though in the wear test. The detected Ti and Al most likely originated from the debris of the broken TiAlN/TiN multilayer coating, which had not been brought away to the rim of the track by the relative motion of its counterpart during the test and was left on the worn surface. The significant difference on profiles of wear track for the specimens can be seen in Figure 6 . Compared with the uncoated specimens, the widths of the wear tracks of the coating specimens are narrower and the depths are shallower. Visually, it means that the wears of coating specimens are much less than that of uncoated specimens. In addition, both sides of the wear track of the coating specimens were steep, perhaps because during the wear test, the coating was worn out, and the microhardness of the substrate exposed at the bottom of the wear track was too low to anti-wear, compared to the coatings on both sides of the area. The wear tracks of the uncoated specimens with different process parameters were different, but both were wide and deep. The deepest values of all of wear tracks of the coating specimens exceeded 3 μm, which also indicated that the coating had been worn through, and that was consistent with the results of the EDS analysis. The significant difference on profiles of wear track for the specimens can be seen in Figure 6 . Compared with the uncoated specimens, the widths of the wear tracks of the coating specimens are narrower and the depths are shallower. Visually, it means that the wears of coating specimens are much less than that of uncoated specimens. In addition, both sides of the wear track of the coating specimens were steep, perhaps because during the wear test, the coating was worn out, and the microhardness of the substrate exposed at the bottom of the wear track was too low to anti-wear, compared to the coatings on both sides of the area. The wear tracks of the uncoated specimens with different process parameters were different, but both were wide and deep. The deepest values of all of wear tracks of the coating specimens exceeded 3 µm, which also indicated that the coating had been worn through, and that was consistent with the results of the EDS analysis. The significant difference on profiles of wear track for the specimens can be seen in Figure 6 . Compared with the uncoated specimens, the widths of the wear tracks of the coating specimens are narrower and the depths are shallower. Visually, it means that the wears of coating specimens are much less than that of uncoated specimens. In addition, both sides of the wear track of the coating specimens were steep, perhaps because during the wear test, the coating was worn out, and the microhardness of the substrate exposed at the bottom of the wear track was too low to anti-wear, compared to the coatings on both sides of the area. The wear tracks of the uncoated specimens with different process parameters were different, but both were wide and deep. The deepest values of all of wear tracks of the coating specimens exceeded 3 μm, which also indicated that the coating had been worn through, and that was consistent with the results of the EDS analysis. Wear rates of the specimens were calculated by Equation (2), where ω, V, L, and N represent respectively, wear rate, wear volume, sliding distance, and load. The wear volume could be calculated from the oscillating amplitude multiplied by the curvilinear integral area of the track's profile.
The wear rates of specimens are shown in Table 9 . The wear resistance property of uncoated specimens was much worse than that of uncoated specimens. The wear rates of the uncoated specimens were 2-4 times that of the corresponding coating specimens respectively, which illustrates that the TiAlN/TiN coating has good wear resistance. From Table 9 , it can be obtained that the wear rates of Nos. 4, 8, and 9 specimens were lower, while these three groups of specimens also had a better microhardness, adhesion, and thickness corroding to the Tables 3, 4 , and 6. That means that when the comprehensive property of the microhardness, adhesion, and thickness of the coating specimen was better, the abrasion resistance was also better. Different process parameters had different effects on the abrasion resistance of the coating. This is because the coating had a good protective effect on the substrate, when the adhesion is large, it is hard for the coating to fall off from the substrate, then the specimen is more wear-resisting. Taking wear rate as the target result, the range analysis of the orthogonal experiment is shown in Table 10 . Wear rates of the specimens were calculated by Equation (2), where ω, V, L, and N represent respectively, wear rate, wear volume, sliding distance, and load. The wear volume could be calculated from the oscillating amplitude multiplied by the curvilinear integral area of the track's profile.
The wear rates of specimens are shown in Table 9 . The wear resistance property of uncoated specimens was much worse than that of uncoated specimens. The wear rates of the uncoated specimens were 2-4 times that of the corresponding coating specimens respectively, which illustrates that the TiAlN/TiN coating has good wear resistance. From Table 9 , it can be obtained that the wear rates of Nos. 4, 8, and 9 specimens were lower, while these three groups of specimens also had a better microhardness, adhesion, and thickness corroding to the Tables 3, 4 and 6. That means that when the comprehensive property of the microhardness, adhesion, and thickness of the coating specimen was better, the abrasion resistance was also better. Different process parameters had different effects on the abrasion resistance of the coating. This is because the coating had a good protective effect on the substrate, when the adhesion is large, it is hard for the coating to fall off from the substrate, then the specimen is more wear-resisting. Taking wear rate as the target result, the range analysis of the orthogonal experiment is shown in Table 10 . It can be seen from Table 10 that laser power is the main factor influencing coating wear rate, followed by scanning space, and finally, scanning speed, which is consistent with that of the adhesion and thickness of the coating. The range analysis results also show that the abrasion resistance of the SLM coating specimens obtained by the use of moderate laser power, moderate scanning space, and small scanning speed is better. From Table 10 it can be seen that the optimal combination of the orthogonal experiment was A2B1C2, that is, when the laser power was 190 W, the scanning speed was 1000 mm/s, and the scanning space was 0.06 mm, the abrasive resistance of the coating obtained was optimal. It can also be obtained from Table 9 that the wear rate of the No. 4 specimen was the minimum, which is consistent with the results of the range analysis of the orthogonal experiment.
Discussion
The microhardness of the TiAlN/TiN multilayer coating plating on the SLM specimen was more than 1100 HV, which is not only better than that of the SLM specimen uncoated, but also better than that of SLM specimen resulting from heat treatment in Reference [9] and that of the SLM specimen resulting from finish machining in Reference [19] . Nana Li and Ning Wang [20] found that the microhardness of 316L samples resulting from nitriding treatment was 510 HV and that of 316L samples resulting from duplex surface mechanical attrition treatment (SMAT) [21] and nitriding treatment was 1050 HV, of which the 316L specimens were mechanical processing samples. However, the microhardness of the TiAlN/TiN multilayer coating plating on the SLM 361L specimen was better than that of Reference [21] , which means the TiAlN/TiN multilayer coating has good hardness. The SLM 361L coating specimen can be applied to mechanical components with point contact occasions which need high-contact stress.
In this paper, the surface roughness of substrates is left out. Through the analysis of the obtained data, it can be known that the primary cause of the process parameter of SLM affecting the property of the TiAlN/TiN multilayer coating plating on the 361L specimen is that the internal structure of substrate with different process parameter of SLM is different. Because for the multi-arc ion plating technology the significance of ion bombardment is to cause the high-density defects of substrate, such as vacancy, clearance, and dislocation, which is easier to form the diffusion layer, and the existence of the diffusion layer enhances the interaction between the substrate and the coating. From Figure 1 , with the different process parameter of SLM, the voids, cracks, and dimples exist in different substrate specimens, respectively. Some defects of substrate specimens such as dimples, vacancy, and dislocation are good for forming the diffusion layer and some are not. It was also proven in Figure 4c that the coating has major pin holes so its thickness is small. Therefore, the process parameter of SLM affects the property of the TiAlN/TiN multilayer coating by the porosity and the surface structure of the SLM substrate. According to Sections 3.3-3.5, it was obtained that the order of factors affecting thickness, adhesion, and wear rate properties of the TiAlN/TiN multilayer coating plating on the SLM 361L specimen was laser power, scanning space, and finally, scanning speed.
The optimal process parameter for the adhesion and thickness of the coating is that the laser power is 210 W, the scanning speed is 1100 mm/s, and the scanning space is 0.06 mm. The test result shows that large scanning space (0.08 mm) affects the fusion between channels in the SLM process, and when there is insufficient fusion between channels internal pores can appear, and thus affect the ability to resist deformation of the substrate and the coating is easier to bend and break when extruded. The coating adhesion and thickness decreased as a result. Therefore, using smaller scanning spacing when printing is beneficial to improve the internal organization of the SLM specimen and beneficial to improve the adhesion and thickness of the coating. This is because the laser can penetrate the molten metal powder and then the powder melts more fully and the fluidity of the molten pool is better when the laser power is large, the liquid spatter in the molten pool decreases when the scanning speed is moderate, and the scanning spacing is also moderate, which is beneficial to fuse fusion, reducing the gross defects of the sample and making the high-density defects reasonable.
Conclusions
In this paper, the influences and their mechanism of SLM process parameters (laser power, scanning speed, and scanning space) on the surface morphology and selected mechanical properties of the TiAlN/TiN multilayer coating plating on SLM 361L substrate were studied by an orthogonal experiment. From the discussions on the results above, the conclusions can be drawn as follows:
•
The electron microscope images revealed that in the surface morphology of 361L substrate exists some voids, high-density dimples, and even cracks, and that the TiAlN/TiN multilayer coating plating on the SLM specimen was relatively flat, and there were some macro-particles in different sizes and pin holes dispersed on it. The surface morphology of the TiAlN/TiN multilayer coating plating on the SLM 361L specimen was affected by the different process parameters of SLM.
The microhardness and the wear resistance of the TiAlN/TiN multilayer coating plating on the SLM specimen were better than that of the SLM specimen uncoated. The microhardness value of coating SLM 361L specimen was also better than that of the 361L specimen resulting from other existing post-processing technologies, such as heat treatment, finish machining, nitriding treatment, and duplex SMAT and nitriding treatment.
The laser power was the main factor influencing the adhesion and the thickness of the coating, followed by scanning space, and finally, scanning speed. When the laser power was 210 W, the scanning speed was 1100 mm/s, and the scanning space was 0.06 mm, the adhesion and the thickness of the coating were optimal.
The laser power was the main factor influencing the wear rate of the coating, followed by scanning space, and finally, scanning speed. When the laser power was 190 W, the scanning speed was 1000 mm/s, and the scanning space was 0.06 mm, the abrasive resistance of the coating obtained was optimal.
• The comprehensive analysis shows that the laser power had the greatest influence on the comprehensive property of the coating. When the laser power was 170 W, the scanning speed was 1100 mm/s, and the scanning space was 0.08 mm, the TiAlN/TiN multilayer coating plating on the SLM specimen had the best comprehensive property.
The process parameter of SLM affects the property of the TiAlN/TiN multilayer coating by the porosity and the surface structure of the SLM substrate.
